A detailed linear, circular and spherical quantitation of the Frank and McFee-Parungao orthogonal electrocardiograms of 166 adolescents is presented.
alone or with any two loops (horizontal, sagittal, frontal). Isolated loops in greater detail were also taken. With the help of "trace shifting," initial and terminal dots could be identified. With the E for M machine, the vector trace was interrupted both every 0.002 sec for douible loops and 0.001 sec for single loops. Frank Lead System (IF) M 11 15 62 .085 M 16-19 30 .091 M 11-19 92 .087 F 11-15 42 MeFee Lead System (IM) M 11 15 62 .085 M 16 19 30 .091 M 11-19 92 .087 F 11-15 42 .088 F16 19 32 .078 F 11-19 74 .084 T 11-15 104 .087 T 16 19 62 The dots of each QRS were numbered and the X, Y and Z components measured and entered on computer sheets. The T wave was analyzed only for the maximal planar and spatial vectors. The P wave was not measured. The data entered on the computer sheets were analyzed with the aid of an IBM 1620, Mod 2 Computer in a manner described previously.
The linear measurements were reported in terms of mean and standard deviations, but because of inherent skewing in all electrocardiographic data, percentiles were also calculated. These were the 5th (PO,), 10th (P141), 50th (P50), 90th (P90) and 95th (P95). In general, it is recommended that an abnormally low or high voltage be diagnosed when it is below the Po5 or above the P95 value. For angular and spherical data, the theoretical work of Downs et al., 24 Liebman et al. 25 and Downs and Liebman26 are followed as in the above mentioned analysis of 105 normal children.'7 The standard linear statistical methodology cannot be used. Briefly, for circular data (planar), the angles are considered as po nts on the circumference of a unit Circulation, Volume XLVIII, circle. The direction toward the center of gravity of these points is the "average" angle and is called the prevalent direction. The prevalent direction for the entire sample is denoted by & to distinguish it as an estimator of some "true" underlying prevalent direction a. The distance, d, from the center of the circle to the center of gravity is called the precision and would be 1.00 if all the angles of the sample were the same (maximal clustering) or would be 0.00 if the samples were maximally scattered (no cluster). In the latter case, there would be no prevalent direction.
Percentiles can now be defined for samples of planar angles and placed into unequivocal tabular form. The central problem in defining such percentiles is the establishment of a starting point on the circle from which the percentiles are to be calculated, since different choices of starting points lead to different percentiles. We have defined the starting point (or 0th percentile P,) to be opposite the prevalent direction. PO 0& + 1800 (see fig. 1 ). The 5th, 10th, 50th, 90th and 95th percentiles are then determined as follows: Start at PO and traverse clockwise along the circumference of the circle until an arc is determined along which 5% of the observed angles lie. The angle at the end point of this arc is P5, the 5th percentile. Beginning at P-, and continuing clockwise a second arc is constructed which also had 5% of the observed angles lying on it. The end point of this arc is Plo. The next arc contains 40% of the observed angles and its end point is P50), the "median angle." The next arc contains 40% and its end point is Pgo, while the next 5% has its end point at P9,. The remaining arc joins P95 to P0 and necessarily contains 5% of the observations. In this sense, the 0th and 100th percentiles are identical, since the whole circle has now been traversed and we are back to the starting point.
For the sphere, there are, of course, differences, though the principles are the same. The angles are considered points on the surface of a unit sphere. The direction toward the center of gravity of these points is the "average" spatial angle and is called the prevalent direction. The prevalent direction for the entire sample is denoted by both a^and and a precision D can again be defined-for the angle ae, f3. The spatial a^is the same as the a in the horizontal plane and is from 00 to 3600
The spatial 4 is from 0°(superior) to 180°(inferior) on the sphere and extends either anteriorly or posteriorly depending on the position of a ( fig. 2 ).
For either the circle or the sphere the significance of the clustering or precision D can be tested.
For the circle, CHISQR = 2ND2. Values larger than 5.99 are significant at the 5% level, and values larger than 9.21 are significant at the 1% level. For the sphere, CHISQR= 3ND2. Values larger than 7.81 indicate significance at the 5% level and values larger than 11.34 indicate significance at the 1% level. A significant value is evidence of existence of a prevalent direction. A description of a set of spatial directions is determined by giving the radius of a spherical cap on the sphere, centered at the prevalent direction, and covering either 90% or 95% of the observations. An observation outside this cap may then be considered probably abnormal. The radius of the cap is in degrees 0. Another aspect is the use of cosines to determine whether any observed spatial direction is significantly outside the percentile cap. Any observed spatial direction making an angle qb greater than 0 is as follows: Let (X,Y,Z) be coordinates for the observed spatial direction and let (F,G,H) be coordinates for the prevalent direction. Then the cosine of the angle between these directions is:
Cos (XF + YG + ZH) (X2 + Y2 = Z2) (F2 + G2 + H2) is greater than 0 whenever cos is less than cos 0. We will take the liberty while discussing the results to explain certain other aspects of the methodology. Results
In analyzing abnormal electrocardiographic data, it is still not yet known which of the multiple parameters are most useful. Consequently, there is much more data available than can be published in a scientific journal. The complete tabular computer printout has been deposited in the National Library of Medicine in Bethesda, Maryland, and can be obtained through interlibrary loan. Those tables not published, but deposited in the Library, will be Circulation, Volume XLVlII, October 1973 referred to by capital letters followed by F for Frank system or M for McFee system. Thus, Table  AF is table A for the Frank system, while Table AM is Table A (Table I) (Table A) The almost exact durations in the two lead systems attest to the accuracy of the hand analysis. The slightly greater duration in the McFee than the Frank is probably because the McFee vectors are larger, making it less likely that an initial dot will be missed. There is slightly greater duration of the vector terminally rightward in males than females.
Maximal Projections on the X Axis (Table II) (Table B) In both lead systems, the voltages of maximal projections on the X (right-left) axis are greater for males than females, a finding not present in the prepubescent age groups where males and females have the same voltages.
Note that in all the maximal projections on the X axis the mean magnitude is greater than the P50, the data being skewed on the high side. This is common but not universally seen in all the other linear parameters measured.
Maximal Projections on the Y Axis (Table III ) (Table C) In the Y (superior-inferior) axis the voltages of males and females are not significantly different from each other in either lead system presumably because the decreased conductance of the pubescent female tissue is not a factor in the superiorinferior direction.
Maximal Projections on the Z Axis (Table IV) (Table D) In both lead systems, the voltages of maximal projections on the Z (anterior-posterior) axis are greater for males than females, a finding not present in the prepubescent age groups where males and females have the same voltages. (Table V) (Table E) The ratios of Y terminal superior/Y inferior and Z anterior/Z posterior are not significantly different in the two lead systems. However, the terminal rightward projection is greater in the Frank system than in the In both lead systems, for both the QRS and the T, the voltages are lower in the female.
Ratios of Maximal Projections
Angular Deviation of T From QRS (Table VII) ( Table G) A detailed description of the methodology has been described.17 18 The prevalent direction (&) is the "average" of the clockwise deviation of T from QRS for the sample. Thus, for our individual angle, if QRS is 3400 and T is 200, then a is 400. If T is 3400 and QRS is 20°, then a is 3200. In looking at our population, for example the total group (11) (12) (13) (14) (15) (16) (17) (18) (19) in the Frank system, the "average" deviation & is 42°for the horizontal plane. The relatively high D of .78 indicates that the dispersion is not great, while the high Chisquare indicates that the D can be trusted. The distribution as seen indicates considerable skewing. Thus, using the 5th and 95th percentiles to define accepted normality, the T can range from 15°counterclockwise of QRS to 123°c lockwise of QRS, the "average" being 420. If a particular QRS angle is at 3400, then we can accept as normal a T vector between 325°and 1030, the "average" normal being 22°.
In both the Frank and McFee lead systems, for Circulation, Volume XLVIII, October 1973 the entire group, the angular deviation of T from QRS is similar in the two lead systems, but there are definite differences within the groups; in the sagittal anid horizontal plane, the deviation of T from QRS is much less for females than males.
Maximal Spatial Vector to the Right (Table VIII ) (Table H) The maximal spatial vector to the right (MSVR) is calculated using the Pythagorean formula MSVR = \/ X2 + Y2 + Z2 for the spatial vector with the largest magnitude which is also to the right of the null point. It is not necessarily the spatial vector most to the right. Note that the MSVR is more posterior in males than females and note also that the magnitude for each age group is greater for males than females. The magnitude for males is less at age 16-19 than 11-15, but for females there is no difference in each age group.
Maximal Spatial Vector to the Left (Table IX ) (Table I) The maximal spatial vector to the left (MSVL) is calculated using the Pythagorean formula MSVL= X2 + Y2 + Z2 for the spatial vector with the largest magnitude which is also the left of the null point.27 28 It is not necessarily the spatial vector most to the left. The spatial angle is the same for males and females, but the magnitude is greater This table lists only the 95th percentile for six spatial magnitudes that have been utilized for correlations with hemodynamic data.29' 30 The sum of MSVL or MSVR is the vector sum of three vectors, the MSVL or MSVR plus the vectors exactly 0.01 sec on either side of the maximal vector (fig. 2) . The sum of the magnitudes to the right (SMAGR) and the sum of the magnitudes to the left (SMAGL) is the magnitude of MSVL or MSVR plus the magnitude of the spatial vector exactly 0.01 sec on either side of the maximal vector ( fig. 3 ). This has previously been utilized by Gamboa, Hugenholtz and Nadas30 but called sum of MSVL or sum of MSVR.
Timed and Normalized Spatial Angles and Magnitudes (Table XI) (Table K) Table XI is a very small amount of data compared to the very large mass of data in table K. Note that the precision is reasonably high only for the early and late vectors, but when the data is normalized into ten equal time periods the precision is uniformly high. In defining a normal population where QRS durations vary (especially children whose QRS duration increases with aging), it may be that only the normalized angular data will be truly useful. Diagnoses are often made based on activation sequences; but the 0.04 sec vector in a Circulation, Volume XLVIJI, October 1973 child where the QRS duration is 0.07 sec, may reflect activation of a different portion of the heart from that of a child where the QRS duration is 0.10 sec. Note also that in both lead systems maximal mean magnitude is at 0.04 sec, so that since the average QRS is 0.085 sec, the maximal magnitude is also that of the .5 normalized vector.
In both lead systems, the magnitudes of the normalized vectors were less for females than males at all intervals (table K). The difference between these at age 11-15 and at age 16-19 is greater for the male than the female, presumably because the female has reached puberty earlier and has, therefore, decreased her voltage earlier.
The spatial orientations for males and females are similar, but males achieve their maximal posterior orientation sooner and are more superior as this occurs. This difference for males and females is seen in both lead systems.
Planar Vectors and Magnitudes (Horizontal, Sagittal, Frontal)-Timed and Normalized (Table XII) (Table L) Tables XIIF and XIIM include only the horizontal, sagittal and frontal planes for the total group, age 11-19 with complete percentiles for both the angles and the magnitudes in each plane. In all three planes, the mean magnitude is maximal at 0.04 sec, but cannot be relied upon in any individual case. The P95 for magnitude, for the frontal plane. The 'hat more stable for the mal at 0.5 in all three planes, but even here, for example, in the Frank sagittal plane the P93 is at 0.6. In the McFee, the P95 is at 0.6 in both the horizontal and sagittal planes.
It is important to note that the data show in both lead systems that the vector begins to the right, anterior and superior, moves to the left at between 0.01 and 0.02 sec, extends posteriorly between 0.03 and 0.04 sec and on average does not go terminally to the right. The latter is clearly artifact, for examination of the normalized data shows that the vector extends terminally to the right at between 0.7 and 0.8 in both lead systems. The Frank system initial vector has turned barely to the left (89°) at 0.2 though the McFee is at 910. In both systems, the vector has become posterior between 0.4 and 0.5.
The direction of rotation of the three planes was similar in the two lead systems, being almost invariably wholly counterclockwise in the horizontal and sagittal planes. In the frontal plane, the loop in the Frank system was clockwise 51% of the time, counterclockwise 16% and was a narrow crossed vector 33% of the time. In the McFee-Parungao, the frontal plane direction of rotation was clockwise in 44%, counterclockwise in 10%, and was a narrow crossed vector in 40%.
Circulation, Volume XLVIII, Percentile Caps (Table XIII) (Table M) Table XIII includes only the radii of the percentile caps for the 90th and 95th percentiles. Table M includes the cosines as described in the methodology. The Frank and McFee data do not significantly differ.
Comparison of Frank vs MeFee
The McFee-Parungao system provides a higher voltage than does the Frank system. Brody and Arzbaecher19 predicted on the basis of various innovative experiments that the magnitude of the Frank system would be about 90% of that of the McFee on the X and Y axes, but about 52%; of the McFee on the Z axis. Their predictions were remarkably good; but the voltage differences are not only the same on each axis, but may be different in opposite directions on each axis. For the entire 11-19 age group, including males and females, the ratios for mean magnitudes of the Frank system show that the X axis to the left is 62% of the McFee, but the terminal right is 85% of the McFee. On the Y axis, the Frank inferior is 76% of the McFee, though the percentage is higher for the initial superior and lower for the terminal superior. On the Z axis, the Frank is 60% of the McFee anteriorly and a very similar 66% posteriorly. In comparing the projection ratios, it is seen that 25% of the X axis is terminally As seen in the figure Sum MAGL = sum e + f + g. As seen in the figure, n.= Sum MSVL = the resultant vector of the sum of three vectors. Note that sum MAGL will always be larger than sum of MSVL and has no direction. The sum of MSVL has direction since it is a vector. The difference in values between sum MAGL and sum MSVL will depend on how fast the vector is sweeping through QRS. to the right in the Frank system, compared to 15% in the McFee, while in the Y and Z axes the ratios are similar. When comparing duration ratios, however, there is no difference in the systems even on the X axis where the terminal duration to the right is 25% in both.
The Frank system QRS is oriented slightly more posteriorly than the McFee though the T vectors are not different. This is consistent with the previous observation that the spatial QRS and T orientations are not related to each other.31 
